and Patj are both composed of an L27 domain and multiple PDZ domains (13 and 10 domains, respectively) and are localized to tight junctions (TJs) in epithelial cells. Although Patj is known to be responsible for the organization of TJs and epithelial polarity, characterization of MUPP1 is lacking. In this study, we found that MUPP1 and Patj share several binding partners, including JAM1, ZO-3, Pals1, Par6, and nectins (cell-cell adhesion molecules at adherens junctions). MUPP1 and Patj exhibited similar subcellular distributions, and the mechanisms with which they localize to TJs also appear to overlap. Despite these similarities, functional studies have revealed that Patj is indispensable for the establishment of TJs and epithelial polarization, whereas MUPP1 is not. Thus, although MUPP1 and Patj share several molecular properties, their functions are entirely different. We present evidence that the signaling mediated by Pals1, which has a higher affinity for Patj than for MUPP1 and is involved in the activation of the Par6-aPKC complex, is of principal importance for the function of Patj in epithelial cells.
The integrity of epithelial cells is mediated by adhesive interaction at the apical junctional complex which involves tight junctions (TJs), adherens junctions (AJs), desmosomes, and gap junctions (19) . TJs are located most apically and have important roles in the development and maintenance of epithelial integrity. Thus, they seal epithelial cells to create a primary barrier to the diffusion of solutes across the cellular sheet (barrier function) and serve as a boundary between the apical and basolateral membrane domains to establish polarization (fence function) (3, 26, 60, 74) . Upon examination by freeze fracture replica electron microscopy, TJs appear as a set of continuous strands or fibrils of anastomosing intramembranous particles within the plasma membranes (TJ strands) (65) . Their molecular architecture has been unraveled rapidly in recent years and it is now widely accepted that they are mainly composed of claudins, which bear four transmembrane domains and comprise a multigene family consisting of 24 members in both humans and mice (20, 74) . In addition, three other classes of integral membrane proteins are concentrated at TJ strands, i.e., occludin (21) , JAM family members (13, 44) , and tricellulin, which is mostly concentrated at the tricellular contacts of TJs (31) .
There are plenty of peripheral membrane proteins at TJs, and in general they possess several protein-protein interaction domains and act as molecular scaffolds that cross-link a number of TJ-associated proteins (47, 74) . Among them, ZO-1, ZO-2, and ZO-3 are MAGUK family proteins that have three PDZ (PSD95/Dlg/ZO-1) domains, one Src homology (SH3) domain, and one guanylate kinase-like (GUK) domain. Through these domains, they directly bind to transmembrane proteins, including occludin, claudins, and JAM, and other peripheral membrane proteins such as ZONAB and cingulin, as well as to the actin cytoskeleton (24, 54, 74) .
Several proteins regulating epithelial cell polarity have been identified at TJs. They include the Par3-Par6-atypical protein kinase C (aPKC) complex, which was initially found in a study of anterior-posterior polarity in the early Caenorhabditis elegans embryo, and the Crb-Pals1-Patj complex, which was initially identified in Drosophila flies (7, 14, 18, 23, 28, 36, 45, 69, 78) . Genetic studies of Drosophila flies have suggested the occurrence of complex functional interactions between these two complexes: the Par3-Par6-aPKC complex provides for the apical localization of the Crb-Pals1-Patj complex, and the CrbPals1-Patj complex prevents the Par3-Par6-aPKC complex from diffusing into lateral membranes (11, 73) . Such functional interactions have not been demonstrated in studies of mammals, but physical interactions between Pals1 and Par6 and between Crb and Par6 (in mammals) and between Crb and aPKC, Par6 and Patj, and aPKC and Patj (in Drosophila flies) have been previously reported (22, 30, 41, 49, 64) and might underlie the functional interactions between these two complexes.
We have previously shown that MUPP1, which possesses an L27 domain and 13 PDZ domains, is a novel component of TJs and directly binds to claudin-1 and JAM1 ( Fig. 1) (27) . MUPP1 was originally identified as a binding partner for serotonin 5-hydroxytryptamine type 2 receptor (63, 75) and is also known to bind to c-Kit, transmembrane proteoglican NG2, adenovirus E4-ORF1, and high-risk papillomavirus type 18 E6 oncoproteins (9, 39, 43) . Importantly, Patj is a structural paralogue of MUPP1 with an L27 domain and 10 PDZ domains ( Fig. 1) (40, 58) . Patj is important for the polarization of photoreceptor cells in Drosophila flies (10, 50, 53, 56) and is critical for the establishment of epithelial polarity in mammals (30, 46, 58, 61) . However, the functional characterization of MUPP1 has largely been lacking.
In this study, we found that MUPP1 and Patj share several binding partners, including JAM1, ZO-3, and Pals1, which have been reported to directly bind to either of the two proteins. In addition, we identified novel binding partners for MUPP1 and Patj, i.e., nectins, cell-cell adhesion molecules of AJs, and Par6, a principal regulator of polarity. These binding partners might well be important for the functions or regulation of MUPP1 and Patj, and the sharing of many binding partners strongly suggests that MUPP1 and Patj have similar molecular characteristics. Surprisingly, functional analyses have clearly revealed that these two proteins have entirely distinct functions; Patj evidently plays an essential role in the formation of TJs and epithelial polarity, whereas MUPP1 does not. In fact, MUPP1 and Patj had significant molecular differences that might well underlie their functional differences. In particular, MUPP1 had a higher affinity for nectins than Patj, whereas Patj preferentially bound to Pals1 and Par6. It was then found that a truncated mutation of Patj whose binding domain for Pals1 was deleted was unable to rescue the defects in TJs in Patj-knockdown cells. Taking these findings together with other corroborative data, we speculate that Pals1-mediated signaling, which is involved in the regulation of the Par6-aPKC complex, is of principal importance for the predominant function of Patj in epithelial cells.
MATERIALS AND METHODS

Antibodies and cells.
Rabbit anti-MUPP1 polyclonal antibody (PAb) (B4) (27) , mouse anti-ZO-1 monoclonal antibody (MAb) (clone no. T8-754) (34) , and rabbit anti-JAM1 PAb (33) were generated and characterized previously. Rabbit anti-Pals1 antiserum was raised against amino acids (aa) 1 to 122 of mouse Pals1. Rabbit anti-claudin-1 PAb, rabbit anti-claudin-3 PAb, mouse anti-claudin-4
MAb, and mouse anti-myc MAb (clone no. 9E10; Zymed Laboratories, Inc.), mouse anti-MUPP1 MAb (clone 43; BD Transduction Laboratories, Inc.), rabbit anti-PKC PAb (C20) and rabbit anti-myc PAb (A14) (Santa Cruz Laboratories, Inc.), rabbit anti-Par3 PAb (Upstate Biotechnologies, Inc.), and mouse anti-HA MAb (16B12) (Covance) were obtained commercially. Rat anti-nectin-2 MAb (5) was provided by Y. Takai (Kobe University, Kobe, Japan) and H. Nakanishi (Kumamoto University, Kumamoto, Japan), rabbit anti-Patj PAb (40) was provided by A. Le Bivic (University of Marseille, Marseille, France), and rabbit anti-Par6B PAb (BC32AP) was provided by S. Ohno (Yokohama City University, Yokohama, Japan). Mouse mammary gland EpH4 cells were provided by E. Reichmann (University Children's Hospital Zurich, Zurich, Switzerland). (48) were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. Mouse F9 teratocarcinoma cells were cultured under the same conditions, and epithelial differentiation was induced in monolayer cultures by adding retinoic acid to the culture medium at a final concentration of 1 M (29).
DNA constructs. To obtain a full-length cDNA fragment of mouse Patj, the open reading frame (ORF) of human Patj was used to perform a search of the public mouse EST database. Examination of several expressed sequence tag (EST) clones has revealed that the ORF of mouse Patj is 5,505 bp in length and that the amino acid sequence of mouse Patj is 79% identical to that of human Patj. To obtain the full-length Patj cDNA, an XhoI-SalI fragment containing bp 1 to 1726 of the ORF (obtained by reverse transcription-PCR [RT-PCR] of mouse brain cDNA), a SalI-EcoRV fragment of bp 1726 to 5200 of the ORF (derived from a RIKEN FANTOM cDNA clone [clone identification no. 5031439B21] carrying bp 1689 to 5505 for mouse Patj), and an EcoRV-XhoI fragment of bp 5200 to 5502 of the ORF (lacking a stop TAA codon; obtained by PCR of the FANTOM clone) were sequentially ligated. It was cloned into the mammalian expression vector pCAGGS, whose multiple cloning site (MCS) was tagged on the 3Ј side with 7xmyc (pCAGGS-3Ј-7xmyc), yielding pCAGGS-Patjmyc. pCAGGS-MUPP1-myc, a mammalian expression vector for mouse MUPP1 tagged with 7xmyc, was described previously (27) . The following PDZ domains of Patj were amplified by PCR: PDZ1 (aa 119 to 231), PDZ2 (aa 233 to 338), PDZ3 (aa 350 to 463), PDZ4 (aa 540 to 651), PDZ5 (aa 673 to 776), PDZ6 (aa 1059 to 1176), PDZ7 (aa 1230 to 1338), PDZ8 (aa 1457 to 1565), PDZ9 (aa 1553 to 1660), and PDZ10 (aa 1694 to 1805). EcoRI-SalI cDNA fragments for each PDZ domain were subcloned into pBTM116, a bait vector for two-hybrid analysis, and pMAL-c2 (New England Biolabs Inc.), an expression vector for maltose-binding protein (MBP)-fused proteins in Escherichia coli. EcoRI-SalI fragments for the following domains of Patj were also inserted into the MCS of pMAL-c2: PDZ1 to -5 (aa 119 to 776), PDZ6 to -10 (aa 1059 to 1805), PDZ1 to -3 (aa 119 to 463), PDZ4 and -5 (aa 540 to 776), PDZ6 and -7 (aa 1059 to 1338), and PDZ8 to -10 (aa 1457 to 1805). PDZ domain constructs of MUPP1 were previously described (27) . The expression vector for MUPP1⌬PDZ2,3,4,5-myc was obtained by ligating a NotI-XhoI fragment (for aa 1 to 265) and an XhoI-SalI fragment (for aa 781 to 2055) into the MCS of pCAGGS-3Ј-7xmyc, and the expression vector for MUPP1⌬PDZ2,5-myc was obtained by inserting an XhoI-XhoI fragment (for aa 339 to 700) into the XhoI site of MUPP1⌬PDZ2,3,4,5-myc. In vitro pulldown assay. The recombinant GST-, His-, and MBP-fused proteins were expressed in E. coli BL21(pLysS) except for GST-nectin-1␣ C-term and GST-JAM1 C-term, which were expressed in Rosetta blue (Novagen) and E. coli BL21 harboring pTf16, an expression vector for the trigger factor (TaKaRa), respectively. GST-fused proteins were bound to glutathione-Sepharose 4B beads (Amersham Biosciences, Inc.) and incubated with lysates of E. coli expressing MBP-fused proteins. They were washed with phosphate-buffered saline (PBS) containing 1% Triton X-100, and bound proteins were eluted with sodium dodecyl sulfate-polyacrylamide gel electrophoresis sample buffer. Alternatively, HEK293 cells were transfected with MUPP1-myc or Patj-myc and lysed with lysis buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% Triton X-100, 10 mM NaF, 12.5 mM ␤-glycerophosphate, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, 0.25% aprotinin, 1 mM dithiothreitol). The lysates were incubated with beads, washed with lysis buffer, and then eluted as described above.
Yeast two-hybrid analysis. The methodology of yeast two-hybrid screening was described previously (27, 67) . By the use of LexA-binding domain-fused constructs (pBTM116) of PDZ1, PDZ2, PDZ3, PDZ5, PDZ8, and PDZ12 of MUPP1 as bait, ϳ2 ϫ 10 7 clones from a mouse embryonic cDNA library (cloned in pVP16 and containing the VP16 transactivating domain) were screened. This library was provided by J. Behrens (Max-Delbruck Center for Molecular Biology, Berlin, Germany). Screening under selective conditions with pBTM116-PDZ2 used as bait yielded two positive clones, which carried the cytoplasmic domain of mouse nectin-1␣ (prey no. 99 [aa 381 to 515] and prey no. 456 [aa 389 to 515]). Their interaction was evaluated by measuring ␤-galactosidase activity on filters. To examine the interaction between nectins and the PDZ domains of MUPP1 and Patj, pVP16-nectin-1␣ (for aa 381 to 515; mouse) (prey no. 99), pGAD424HA-nectin-1␣ (for aa 379 to 518; human), nectin-2␣ (for aa 387 to 467; mouse), pBTM116-MUPP1-PDZ1 to -13, and pBTM116-Patj-PDZ1 to -10 were used. To evaluate the interaction between ZO-3 and MUPP1 and Patj, pGAD424HA-ZO-3 C-term (for aa 758 to 905; mouse) was used as the prey.
Immunoprecipitation. Lysates of HEK293 cells transfected with several expression constructs for HA-or myc-tagged proteins were mixed with protein G-Sepharose preabsorbed with anti-HA MAb. For immunoprecipitation of endogenous proteins, EpH4 cells were lysed with lysis buffer, and the lysates were incubated with protein G-Sepharose preabsorbed with anti-MUPP1 MAb. The beads were extensively washed with lysis buffer, and bound proteins were eluted by adding sodium dodecyl sulfate-polyacrylamide gel electrophoresis sample buffer.
Immunofluorescence microscopy. Cells plated on glass coverslips or Transwell filters (Coster) were fixed with 1% formaldehyde for 30 min at room temperature, 10% trichloroacetic acid for 30 min at 4°C, or methanol for 10 min at Ϫ20°C. After being fixed with formaldehyde or trichloroacetic acid, cells were treated with 0.2% Triton X-100 in PBS for 5 min. Cells were washed three times with PBS and soaked in PBS containing 1% bovine serum albumin. They were then incubated with primary antibodies for 1 h at room temperature or overnight at 4°C in a moist chamber. After three washes with PBS, they were incubated for 30 min at room temperature with secondary antibodies. After another three washes with PBS, they were embedded in Mowiol (Calbiochem). Specimens were examined using an Olympus BX51 photomicroscope (Olympus) or a Zeiss LSM510 confocal laser-scanning microscope (Carl Zeiss).
Wound healing assay. The wound healing assay was performed as described previously (4) . Briefly, confluent EpH4 cells cultured on glass coverslips were wounded manually with 18-gauge needles. Four linear wounds were made on each coverslip. The culture medium was replaced with fresh medium, and the wounds were allowed to heal for 4, 6, or 8 h prior to the analysis. Despite the structural similarity between MUPP1 and Patj, however, whether they can bind to the same proteins is largely unexamined. We examined the binding profile of JAM1, reported to bind to MUPP1 (27) , and of ZO-3, reported to bind Patj (57) . In vitro pulldown assays revealed that the cytoplasmic domain of JAM1 binds to MUPP1 and Patj with similar degrees of affinity and that this interaction was abrogated when the C-terminal four amino acids of the PDZ-binding motif of JAM1 (SFLV) were deleted ( Fig. 2A) . Utilization of MBPfused PDZ domains revealed the binding domain to be PDZ3 of MUPP1 and PDZ3 of Patj ( Fig. 2B ; see also Discussion). ZO-3 interaction with MUPP1 as well as with Patj was dependent on its C-terminal PDZ-binding motif (ATDL), and the levels of affinity of MUPP1 and Patj were almost indistinguishable (Fig. 2C) . A ␤-galactosidase assay utilizing the respective PDZ domains revealed that ZO-3 binds to PDZ7 of MUPP1 and PDZ6 of Patj (Fig. 2D ). It should be noted that, among all the PDZ domains within these two proteins, PDZ3 and PDZ7 of MUPP1 are most similar to PDZ3 and PDZ6 of Patj, respectively ( Fig. 1) . Thus, MUPP1 and Patj appear to have similar properties.
It has been reported that Pals1 can bind to MUPP1, as well as to Patj, although this interaction has not been adequately characterized (58) . We then found that the L27N domain of Pals1 interacted with MUPP1, although the affinity was weaker than that for Patj, and that the interaction occurred through the L27 domains of MUPP1 and Patj ( Fig. 2E and F) . Thus, Pals1 utilizes the same mechanism to bind to MUPP1 and to Patj.
Identification of interaction of MUPP1 and Patj with nectins. To further characterize MUPP1 and Patj, we attempted to identify novel binding partners. In a yeast two-hybrid screening using the PDZ2 domain of MUPP1 as bait, we obtained two positive clones, both of which encoded the cytoplasmic (72) . They comprise a gene family consisting of four members (nectin-1 to nectin-4), with two or three splicing variants for each, and, except for nectin-1␤, -1␥, -3␥, and -4, have a PDZ-binding motif at their C terminus. Among them, nectin-2 is expressed abundantly in epithelial tissues, whereas nectin-1 is expressed mostly in the brain (72) . We then found that nectin-2␣, as well as nectin-1␣, binds to both MUPP1 and Patj, whereas the affinity for Patj was significantly lower than that for MUPP1 (Fig. 3C) . These interactions were dependent on their PDZbinding motif (Fig. 3C) , and the pulldown assay revealed that nectin-2␣ binds specifically to PDZ5 of MUPP1 and PDZ5 of Patj (Fig. 3D ). This is consistent with the finding that PDZ2 and PDZ5 of MUPP1 are most similar to PDZ2 and PDZ5 of Patj, respectively. Also, the binding of nectin-1␣ and -2␣ to different PDZ domains of MUPP1 would be due to their distinct PDZ-binding motifs, EWYV and AVYV, respectively.
Because nectins and MUPP1 and Patj are respectively located at AJs and TJs in polarized epithelial cells, we examined whether their interactions actually occur within cells. First, we stably transfected MUPP1 and Patj into two types of L fibroblasts, NL and NL⌬AVYV cells, which stably express nectin-2␣ and a PDZ-binding motif-deleted mutation (nectin-2␣⌬AVYV), respectively (48, 71) . Both nectin-2␣ and nectin-2␣⌬AVYV were concentrated at cell-cell borders (Fig. 3E ). MUPP1 and Patj were clearly recruited to the nectin-2␣-based cell-cell contacts (Fig. 3E, panels b and d) , whereas they were not apparent at the nectin-2␣⌬AVYV-based contacts but rather were distributed diffusely throughout the cytoplasm (Fig. 3E, panels c and e) . Thus, nectin-2␣ is able to interact with MUPP1 and Patj within cells utilizing the PDZ-binding motif. Next, possible intracellular colocalization of nectin-2 and MUPP1 and Patj was examined. AJs and TJs are derived from common primordial junctional structures (spot-like AJs), which are sorted into epithelial junctions gradually as cellular polarization proceeds (4) . When confluent EpH4 cell cultures were scratched with a needle, small E-cadherin-positive spotlike AJs formed between apposed cells of the wound 4 h later (data not shown). At that time point, nectin-2 appeared at these contacts as well (6), whereas MUPP1 and Patj were hardly detectable (see 4-h data in Fig. S1A and B in the supplemental material). These spot-like AJs began to align in a linear fashion (see 6-h data in Fig. S1A and B in the supplemental material) and grew to develop AJs and TJs at 8 h (see 8-h data in Fig. S1A and B in the supplemental material). We found that neither MUPP1 nor Patj was present at nectin-2-positive junctions at 4 h, but both proteins were detectable at 6 h, when TJs were not yet established (see Fig. S1A in the supplemental material). They then became concentrated at TJs at 8 h (see Fig. S1B in the supplemental material) . Collectively, these data strongly suggested the occurrence of an interaction between nectin-2 and MUPP1 and Patj. It should also be noted that the behavior of MUPP1 was almost indistinguishable from that of Patj throughout these processes (see Fig. S1C in the supplemental material) . Transient colocalization of nectin-2 and MUPP1 and Patj was also observed in F9 teratocarcinoma cells in the process of retinoic-acid-induced epithelial differentiation, during which junctions formed gradually (see Fig. S2 in the supplemental material) .
Because nectins become apparent at primordial junctions earlier than MUPP1 and Patj and transiently colocalize with MUPP1 and Patj, they might be responsible for the recruitment of MUPP1 and Patj as junctions form. We then established EpH4 cells that stably express MUPP1⌬2,5-myc, which lacks the binding domains for nectin-1 and -2. When stably expressed in EpH4 cells, MUPP1⌬2,5 as well as full-length MUPP1 clearly localized to TJs and distributed to a slight extent in apical membranes and the cytoplasm in fully confluent cells, although the cytoplasmic vesicular distribution was more apparent for MUPP1⌬2,5 ( Fig. 4A and data not shown) . When examined 6 h after the wounding, MUPP1 was detectable at most nectin-2-positive primordial cell-cell junctions ( Fig. 4B and C) . By contrast, MUPP1⌬2,5 was apparent at only some nectin-2-positive junctions ( Fig. 4B and C) . Thus, nectins appear to be responsible for the junctional accumulation of MUPP1. Under the same conditions, the accumulation of MUPP1⌬2,3,4,5 was even more fractional ( Fig. 4B and C) , suggesting that another transmembrane protein that binds to PDZ3 of MUPP1, namely, JAM1, is responsible as well. Indeed, JAM1 is recruited to primordial junctions slightly later than nectin-2 but earlier than MUPP1 and Patj (data not shown). Nevertheless, it should be noted that other TJ proteins have also been shown to bind PDZ2 and -3 of MUPP1 (7, 25) . Claudins are recruited later than MUPP1 and Patj, excluding their involvement in the junctional recruitment of MUPP1 and Patj (see Fig. S2 in the supplemental material and data not shown). In a control experiment, MBP-Patj PDZ1 did not bind to GST-Par6 and had no effect on the Par6-PKC interaction. Note that in the coimmunoprecipitation assays whose results are presented in panels B and F, the Par6B isoform but not the Par6A isoform was used, but those two isoforms exhibit similar binding profiles with respect to MUPP1 and Patj (see Fig. S3 in the supplemental material) . In Drosophila studies, Par6 has been reported to bind to Patj, although the occurrence of the interaction between their mammalian orthologues remains unclear (49, 79) . We then carefully examined whether mammalian Par6 binds MUPP1 and Patj. In vitro pulldown assays revealed that Par6 binds to both MUPP1 and Patj, although its affinity for MUPP1 was significantly lower (Fig. 5A) . Coimmunoprecipitation assays using HEK293 cells showed that Par6 coprecipitated with both MUPP1 and Patj; again, affinity was higher for Patj than for MUPP1 ( Fig. 5B; see also Fig. S3A in the supplemental material). To address endogenous interaction, we immunoprecipitated MUPP1 from lysates of EpH4 cells and found that Par6 is present in the anti-MUPP1 immunoprecipitate (Fig. 5C) . Collectively, these results suggest that interaction between mammalian MUPP1 and Patj and Par6 does occur both in vitro and in vivo. Although it is possible that Par6 interacts with MUPP1 and Patj via Pals1, which can interact with both MUPP1 and Patj and Par6 directly (22, 30, 58) , that deletion of the Pals1-binding L27 domain of Patj did not affect the Par6-Patj interaction suggests that Pals1 does not have major roles in the Par6-Patj interaction, at least under our experimental conditions (see Fig. S3B in the supplemental material). In vitro pulldown assays revealed that PDZ4 of Patj is responsible for the binding (Fig. 5D ), but we failed to determine the Par6-binding domain of MUPP1, probably due to the low affinity (data not shown). To identify the domain of Par6 interacting with MUPP1 and Patj, we tested several deletion constructs and found that the region between PB1 and semi-CRIB of Par6 is required for the interaction (Fig. 5E) . Specifically, an aPKC-binding region of Par6 is located at PB1, just adjacent to the MUPP1 and Patj binding site (Fig. 5E) (35, 51, 55, 70) , suggesting that the binding of aPKC to Par6 might have some effect on the binding of MUPP1 and Patj to Par6 and vice versa. We then found that coexpression of PKC severely impaired the interaction between Par6 and Patj (Fig.  5F ). Note that we could not detect the interaction between aPKC and Patj, though interaction between their Drosophila orthologues has previously been demonstrated (64) . Conversely, an excess amount of Patj inhibited the interaction between PKC and Par6 (Fig. 5G) . These results suggest that the interactions of Par6 with Patj and aPKC are mutually exclusive.
Effects of dominant-negative constructs of MUPP1 and Patj. MUPP1 and Patj have several binding partners in common but do not necessarily share the same affinity for these partners, suggesting that they have their own unique functions. Thus, in an attempt to elucidate the roles of MUPP1 and Patj in the establishment of junctions, we overexpressed MUPP1 and Patj in EpH4 cells. When transiently transfected, both MUPP1 and Patj localized to TJs with a concomitant appearance in apical membranes and the cytoplasm, almost identical to the distribution of the respective endogenous proteins (Fig. 6A) . Interestingly, in cells overexpressing MUPP1, the localization of endogenous Patj to TJs was almost completely abrogated (Fig.  6A, panel b, and D) . In contrast, when Patj was overexpressed, the localization of endogenous MUPP1 to TJs was inhibited (Fig. 6A, panel d, and D) . These results suggest that MUPP1 and Patj prevent endogenous Patj and MUPP1, respectively, from localizing to TJs by interacting with their shared TJanchoring proteins. Thus, MUPP1 and Patj have overlapping molecular characteristics in this respect. Importantly, in cells overexpressing MUPP1, when endogenous Patj was removed from TJs, the localization of Pals1 to TJs was severely impaired (Fig. 6A, panel c, and D) . However, in cells expressing Patj, when MUPP1 was removed, Pals1 localized to TJs nearly normally (Fig. 6A, panel f, and D) . These results suggest that, although MUPP1 and Patj both have the ability to bind Pals1, only Patj is required for the localization of Pals1 to TJs in vivo.
It has been reported that the transient transfection of the N terminus of Patj, which contains the L27 and PDZ1 domains, impaired the establishment of TJs in MDCKII cells (30, 58) , probably because the L27 domain competitively inhibited the interaction between endogenous Pals1 and Patj. We then constructed similar dominant-negative constructs, MUPP1-L27 and Patj-L27, which contain solely the L27 domain of MUPP1 and Patj, respectively. In contrast to the full-length constructs, MUPP1-L27 or Patj-L27 mostly distributed diffusely in the cytoplasm, rather than being concentrated at cell-cell junctions (Fig. 6B) . Importantly, the localization of both MUPP1 and Patj to TJs was severely inhibited by the expression of either L27 domain (Fig. 6B, panels a, b, d , and e, and D), and Pals1 was also removed from TJs in these cells (Fig. 6B , panels c and f, and D). This is consistent with reports that the localization of Pals1 to TJs is dependent on Patj (46, 58, 61) . Also, both MUPP1-L27 and Patj-L27 inhibited the localization of Par6 and aPKC to TJs (Fig. 6C, panels a and b, and D) . On the other hand, the localization of Par3 was only slightly affected (Fig. 6C, panel c, and D) . These results suggest that the L27 domain alone is sufficient to exert dominant-negative effects and that the L27 domains of MUPP1 and Patj might have similar functions, at least when they are overexpressed.
Knockdown of MUPP1 and Patj by RNAi. To more directly address the functions of MUPP1 and Patj, we tried to knock down their expression by RNAi. Two distinct short interfering RNAs designed for MUPP1 (MUPP1 KD-1 and -2) and Patj (Patj KD-1 and -2) were stably expressed in EpH4 cells. In addition, two cell lines that stably coexpress MUPP1 KD-2 and Patj KD-1 as well as MUPP1 KD-2 and Patj KD-2 were also established (Fig. 7A) . In all cases, expression of MUPP1 and Patj was suppressed by Ͼ90% (Fig. 7A and data not shown) . Suppression of their expression was also confirmed by immunofluorescence microscopy (Fig. 7B) . Significantly, TJs were significantly winding and fragmental in both Patj KD-1 and -2 cells, as revealed by staining with ZO-1 and claudin-3 ( Fig. 7B and data not shown). This result is in line with reports that the knockdown of Patj in MDCKII cells or Caco2 cells resulted in defects in TJs (46, 61) . Similar aberrant TJs were observed in MUPP1 KD-2 Patj KD-1 and MUPP1 KD-2 Patj KD-2 cells (Fig. 7B and data not shown) . By contrast, TJs were normally established in MUPP1 KD-1 and -2 cells, as well as in control cells (Fig. 7B and data not shown) . These results suggest that Patj, but not MUPP1, is specifically required for the establishment of TJs. Pals1 was almost completely absent from TJs in Patj KD cells but not in MUPP1 KD cells (Fig. 7C , panels a and f). This observation is consistent with the overexpression of MUPP1, which removed endogenous Patj from TJs, significantly inhibiting the localization of Pals1 to TJs (Fig. 6A 
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Par6 and aPKC were detected in ZO-1-positive regions, and most was located in the cytoplasm (Fig. 7C, panels b, c, g, and  h ). On the other hand, Par3 remained mostly colocalized with ZO-1 at the fragmental junctions (Fig. 7C, panels d and i) . Thus, Par3 was affected differently from Par6 and aPKC by the knockdown of Patj, consistent with the effects of dominantnegative constructs (Fig. 6C and D) . In Patj KD cells, AJs were also severely affected, as revealed by immunostaining of AJassociated proteins, including E-cadherin, ␣-catenin, nectin-2, and afadin, all of which mostly colocalized with ZO-1 (Fig. 7C , panels e and j, and data not shown).
In both wild-type and MUPP1 KD cells grown on Transwell filters, syntaxin 3 (an apical marker) and ErbB2 (a lateral marker) (76) were normally distributed, with their apical and lateral localizations clearly compartmentalized at ZO-1-positive TJs, respectively, as shown by confocal microscopy ( Fig.  7D and data not shown) . In Patj KD cells and MUPP1 KD Patj KD cells, however, these marker proteins leaked out of their original compartments in significant quantities and became detectable at both apical and lateral membranes (Fig. 7D and data not shown). Thus, Patj, but not MUPP1, is required for the fence function of TJs. To examine the barrier function, we measured TER. In MUPP1 KD cells, TER gradually increased to almost the levels seen in wild-type cells as cells reached confluence after reseeding (Fig. 7E) . By contrast, in Patj KD cells, the increase was only slight; at Day 7, the value was approximately half that seen with wild-type or MUPP1 KD cells (Fig. 7E) . Importantly, the TER value of MUPP1 Patj KD cells was almost indistinguishable from that of Patj KD cells (Fig. 7E) . These results suggest that Patj is specifically involved in the establishment of the barrier function of TJs whereas MUPP1 is not.
Although the loss of MUPP1 apparently did not affect the integrity of TJs, many proteins do not affect the steady-state structure of TJs in polarized cells but affect the process of its establishment. Thus, we performed a Ca 2ϩ -switch assay. In this assay, cells were cultured in a low-Ca 2ϩ medium containing 5 M of Ca 2ϩ overnight and were then transferred to a normal medium to initiate the polarization of cells ("Ca 2ϩ switch"). In wild-type cells, the ZO-1-positive TJs were gradually reformed after the Ca 2ϩ -switch and were almost completely established at 2 h (Fig. 8A) . Significantly, the time courses of the establishment of TJs were indistinguishable between wild-type cells and MUPP1 KD cells (Fig. 8A) . On the other hand, in both Patj KD and MUPP1 KD Patj KD cells, the formation of TJs was severely retarded and was only partially completed at 2 h. Therefore, MUPP1 is dispensable not only for the steady-state structure of TJs but also for the process of their establishment, whereas Patj is required for both. Similarly, AJs were normally established in MUPP1 KD cells, as revealed by nectin-2 staining, whereas they were present only in premature form in Patj KD and MUPP1 KD Patj KD cells (Fig. 8B) .
Molecular background of phenotypes of Patj KD cells. We then examined the effect of restoring the expression of MUPP1 and Patj in MUPP1 KD Patj KD cells by re-expressing RNAiresistant constructs. Restoring the expression of MUPP1 had no effect on the integrity of TJs (Fig. 9A, panels a and g ), which is in line with the absence of Patj alone resulting in aberrant TJs (Fig. 7) . By contrast, expression of Patj resulted in the establishment of linear TJ strands and concomitantly rescued the localization of Pals1 to TJs (Fig. 9A, panels b and h ). This result confirms that the phenotypes of Patj KD cells were not due to the nonspecific effect of RNAi. Significantly, expression of Patj⌬L27, which lacks the L27 domain, was by no means effective; although Patj⌬L27 colocalized with ZO-1 at premature junctions, these junctions were only fragmentary, as was seen in parental MUPP1 KD Patj KD cells, and neither Pals1 nor Par6 was colocalized (Fig. 9A , panels c and i, and data not shown). Patj⌬4, in which PDZ4 was deleted, on the other hand, successfully restored TJs as efficiently as full-length Patj did, and Par6, as well as Pals1, was normally localized to TJs (Fig. 8A , panels d and j, and data not shown). These results suggest that the interaction with Pals1 is absolutely critical for Patj to exert its function and that the interaction with Par6 is not necessarily functionally significant. We then tested Patj⌬2,5 (because PDZ2 and -5 are probable binding sites for nectins) and found that it was sufficient for the formation of AJs and TJs (Fig. 9A , panels e and k, and data not shown). We have also tested Patj-L27, which does not possess any PDZ domains but does possess an L27 domain. Significantly, Patj-L27 distributed throughout the cytoplasm and was absolutely inactive (Fig. 9A, panels f and l) . Thus, the L27 domain of Patj, though sufficient for interaction with Pals1, is not sufficient for the establishment of TJs. Interactions via PDZ domains are evidently essential.
It has been hypothesized that Pals1 is responsible for the assembly of TJs, because it recruits and activates the Par6-aPKC complex at TJs (66) . We have found that the knockdown of Patj but not of MUPP1 specifically resulted in the loss of Pals1, as well as Par6 and aPKC, from TJs and that the re- these lateral membranes (see Fig. S4 in the supplemental material). Thus, apicobasal cell polarity was not properly recaptured by the overexpression of Cdc42G12V. On the other hand, the active form of Rac1 (Rac1G12V) was unable to exert this effect, suggesting a functional divergence of small GTPases (Fig. 9B, panels b and d) . Collectively, these results strongly suggest that the occurrence of abnormal TJs in Patj KD cells can be explained at least in part by the loss of Pals1-mediated activation of the Par6-aPKC complex in these premature junctions.
DISCUSSION
In this study, we examined the molecular properties and functions of MUPP1 and Patj in epithelial cells. Significantly, Patj was indispensable for epithelial polarization and the formation of TJs, but MUPP1 was not. This result was surprising, because the two proteins have several similarities: (i) they have highly homologous molecular structures; (ii) according to the public EST database, their expression overlaps in many tissues (data not shown); (iii) they have the ability to interact with several common junction-associated proteins; (iv) they both localize to TJs and apical membranes in polarized epithelial cells; (v) the rates at which they accumulate at TJs in the process of epithelial polarization are almost identical; and (vi) overexpression of MUPP1 and Patj removes endogenous Patj and MUPP1 from TJs, respectively, suggesting that they utilize overlapping molecular mechanisms to localize to TJs. Even so, we found several individual characteristics of MUPP1 and Patj. Most importantly, they differ in their levels of affinity for the binding partners they share. Thus, the functional discrepancy between MUPP1 and Patj is most likely due to the differences in affinity shown by these proteins.
In this study, the affinities for JAM1 and ZO-3 did not differ markedly between MUPP1 and Patj. Both JAM1 and ZO-3 clearly localized to ZO-1-positive cell-cell junctions in Patj-KD cells or cells expressing dominant-negative MUPP1 and Patj (data not shown). Thus, MUPP1 and Patj are not directly responsible for their localization to TJs. Rather, MUPP1 and Patj might be recruited to TJs via an interaction with JAM1. In fact, we have found that both MUPP1 and Patj were recruited to JAM1-based cell-cell adhesion sites in L cells that stably express JAM1, which demonstrates that JAM1 is capable of accumulating MUPP1 and Patj at JAM1-positive cell-cell adhesion sites (data not shown). This idea is also in line with JAM1 being responsible for the junctional recruitment of another PDZ domain-containing protein, namely, Par3 (15, 33) . On the other hand, the physiological significance of the interaction between MUPP1 and Patj and ZO-3 is unclear; although ZO-3 is reportedly required for the localization of Patj to TJs, because deletion of the ZO-3-binding domain (PDZ6) inhibited the localization of Patj to TJs (57), both MUPP1 and Patj normally localized to TJs in ZO-3-deficient mice and cultured cells (2) . The use of different sets of experimental conditions might be the reason for this inconsistency. Alternatively, PDZ6 of Patj (corresponding to PDZ7 of MUPP1) might have unknown binding partners that are responsible for the recruitment of Patj to TJs. It must be mentioned that, utilizing in vitro pulldown assays, we have previously shown that JAM1 binds to PDZ9 of MUPP1 (27) . In the present study, however, we found that JAM1 binds to PDZ3 of MUPP1 and to PDZ3 of Patj, utilizing similar methodologies (Fig. 2B) . The reason for this discrepancy is probably that we previously used an inappropriate recombinant JAM1 protein that is highly insoluble when expressed in normal E. coli strains. In the present study, we used an E. coli strain that expresses a sort of chaperone, which improved the solubility and quality of the proteins expressed. Thus, we believe that the new data are more reliable. The fact that both MUPP1 and Patj can bind to JAM1 whereas Patj does not harbor the domain that corresponds to PDZ9 of MUPP1 is consistent with the notion that PDZ9 of MUPP1 is not actually responsible for the binding. PDZ3 of MUPP1 corresponds to PDZ3 of Patj, supporting the idea that these domains are more likely binding sites for JAM1.
Here we identified nectins as the first AJ proteins to be shown to interact with MUPP1 and Patj. In addition, nectins are shown to be responsible for effective junctional recruitment of MUPP1 and, possibly, of Patj. The issue, then, is whether their interactions are functionally significant with respect to the formation of junctions. AJs and TJs are known to be significantly associated functionally. It has been reported that the establishment of TJs is dependent on the integrity of AJs (52) . In fact, nectins have an ability to establish TJs by themselves by binding, directly or indirectly, to several junctionassociated peripheral membrane proteins (72) . Therefore, it is possible that MUPP1 and Patj is involved in the nectin-dependent formation of TJs. We have found, however, that Patj lacking binding sites for nectins could successfully rescue the defects in AJs and TJs in Patj KD cells. Therefore, it seems unlikely that the interaction of nectins with MUPP1 and Patj is crucial to their functions. This might be consistent with the finding that MUPP1, whose knockdown apparently exerted no significant cellular defects, preferred to interact with nectins rather than with Patj. Even so, however, these interactions might well have accessory roles, with nectins reinforcing the formation of TJs by binding to MUPP1 and Patj, which in turn are responsible for the recruitment of several other junctional proteins.
Because Patj but not MUPP1 was specifically responsible for the establishment of cell-cell junctions, that Pals1 and Par6 preferentially bound to Patj strongly suggests that these two proteins are key to explaining the functions of Patj. Actually, Patj is responsible for their localization, because knockdown of Patj or inhibition of the junctional localization of Patj by dominant-negative Patj severely delocalized Pals1 and Par6 from TJs. Nevertheless, we also found that removal of the Par6-binding region from Patj apparently did not impair the ability of Patj to recruit Par6 as well as Pals1 to TJs or to establish cell polarity. Thus, the significance of the direct interaction between Patj and Par6 is not clear at present. However, we speculate that their interaction is potentially functional. Because Pals1 regulates the junctional accumulation of Par6 through direct interaction and because the localization of Pals1 is dependent on Patj, it is possible that Patj has a role in the localization of Par6 via Pals1. Then the direct interaction of Patj with Par6 might well have a complementary role in the correct junctional accumulation of Par6. In agreement with this, MUPP1 and Patj and Par6 accumulated at cell-cell junctions almost concurrently (data not shown). We also found that the interaction between Patj and Par6 and that between Par6 and aPKC are mutually exclusive. It is known that Par6 modulates the activity of aPKC either positively or negatively, depending on its association with or dissociation from small GTPases (80) . Then it is possible that Patj (and possibly MUPP1) regulates the formation of the Par6-aPKC complex so that the activity of aPKC is appropriately provided during the formation of junctions. This sort of regulation might be important for fine tuning or elaborate temporal and spatial regulation of aPKC kinase activity within cells. It should be noted that the targeting and activity of Par6 is regulated even more intricately; the interaction between Par6 and Pals1 is competitively inhibited by the interaction between Patj and Pals1 (79) . In addition, both Par6 and Pals1 interact with the cytoplasmic PDZ-binding motif of Crb3, suggesting that Par6 and Pals1 share the same mechanisms to localize to TJs (41) .
Nonetheless, Pals1 seems to be of primary importance to the function of Patj, because deletion of the Pals1-binding region severely impaired Patj's function. As mentioned above, one of the most important functions of Pals1 is to recruit the Par6-aPKC complex to TJs. Thus, the Pals1-mediated junctional localization of this complex might well be important to Patj's function. We confirmed this assumption by showing that expression of Cdc42G12V, which forcibly activates this complex, rescued the junctional accumulation of molecular components of TJs in Patj KD cells. Moreover, the aberrant premature junctions apparent in Patj KD cells were quite similar to those found in cells that overexpress dominant-negative aPKC (68, 70) . Thus, we speculate that the defects found in Patj KD cells are partly due to the aberrant regulation of the Par6-aPKC complex. Nevertheless, that Rac1G12V, which similarly interacts with this complex at least in vitro (35, 42, 51, 55) , was unable to rescue Patj KD cells suggests that the effect of Cdc42G12V is not simply mediated by the Par6-aPKC pathway but might also involve the activation of other pathways (17) , which are potentially regulated by Patj under normal conditions.
In Drosophila flies, Patj plays a critical role in photoreceptor morphogenesis, and this effect is mostly mediated by its Nterminal region containing the L27 and PDZ1 domains, whereas the C-terminal region containing the PDZ2 to -4 domains appears to have comparatively minor roles (50) . This result is consistent with our observation that the L27 domain has prominent roles in Patj's function. Nevertheless, because in our experiments, the L27 domain alone was unable to rescue aberrant TJs in Patj KD cells, it is speculated that one of the functions of PDZ domains is to adequately localize the L27 domain to TJs. In this regard, a recent report has shown that Patj is involved in the directional migration of epithelial cells, for which the L27, PDZ1 to -5, and PDZ6 to -10 domains were comparably important (62) . Thus, it is interesting to speculate that Patj might utilize different molecular mechanisms in directional migration and apicobasal polarization of epithelial cells.
In previous reports, knockdown of Patj in MDCKII cells led to defects in the formation of TJs and cell polarization (61) , whereas in Caco2 cells, delocalization of some components such as occludin and Crb3 occurred but the overall structure of TJs was preserved (46) . Given our observations of EpH4 cells, this phenotypic discrepancy would seem to be due to the use of different cell lines or experimental conditions. Despite some differences, however, it seems certain that Patj has important functions. On the other hand, we could not find any significant functions of MUPP1. Lanaspa et al. (38) recently reported that knockdown of MUPP1 resulted in a marked loss of TER in mouse inner medullary collecting duct IMCD3 cells, suggesting that MUPP1 is involved in maintaining the integrity of TJs (38) . Although it is possible that we have overlooked MUPP1's functions because our RNAi constructs were not sufficiently effective, we speculate that the use of different cell lines more likely explains this discrepancy. Indeed, although MUPP1 was exclusively localized to TJs and apical membranes in EpH4 cells, it was distributed throughout lateral membranes in IMCD3 cells (38) . Other than its expression in epithelial cells, MUPP1 is expressed abundantly in several nonepithelial tissues such as photoreceptor cells, neurons, and spermatozoa, where several binding partners for MUPP1 were previously identified (1, 8, 16, 37, 77) . Thus, it is possible that MUPP1 is functionally significant in these cells, but clarification of this speculation awaits further investigation.
In summary, we found that MUPP1 and Patj in common interact with multiple molecules believed to be involved in regulating the assembly of TJs and epithelial polarity. However, Patj but not MUPP1 is specifically responsible for these processes. That several regulatory molecules differ in their affinities for MUPP1 and Patj might well be the reason for these functional differences. Notably, Pals1 seem to be the key to explaining the functional predominance of Patj in epithelial cells. To better clarify the possible functions of MUPP1, further investigation will be needed, including the generation of knockout mice.
